Abstract: Mature subalpine spruce-fir forests in western Alberta are often characterized by extensive feather-moss mat coverage of the forest floor surface. The ecosystem role of these mats has been described as one of a nutrient sink because of their ability to assimilate solutes from throughflow solutions and their role as a catchment area for litterfall and detritus. These bryophyte mats are subject to recurring episodes of wetting and drying during the summer months. We examined the potential for pulse release to throughflow solution of previously sequestered carbon held by Hylocomium splendens (Hedw.) B.S.G. During rehydration, pulse release, measured as total organic carbon (TOC), reached 1544 mg·m -2 . At a stand level basis this represents up to 15 kg·ha -1 pulse release of readily soluble carbon from the live green layer of H. splendens moss mats during each rewetting event. Control throughflow collectors, where moss mats were replaced by an inert mulch layer, indicated that from 23 to 75% of this pulse release originated in the moss mats. High intensity rain events resulted in larger net TOC and K release, as did a pretreatment history of rapid drying of H. splendens fronds. These findings suggest that feather-moss mats may function, in part, as ecosystem capacitors, sequestering nutrients and carbon at low concentrations from atmospheric sources, which are later released at higher concentrations during rewetting events.
Introduction
Mass transport in forest ecosystems has traditionally been characterized by a static view of nutrient cycling in which forest floor decompositional processes are controlled by abiotic factors of temperature and moisture (Edwards 1975; Buyanovsky and Wagner 1983; Coxson and Parkinson 1987) ., Up to now, moss mats have been regarded asbiotic components that inhibit decompositional processes, i.e, bottlenecks, in the cycling of limiting nutrients within the forest ecosystem (Weber and Van Cleve 1981; Zackrisson et al. 1997) . Moss carpets passively lower rates of decomposition in the forest floor because of the density of mat growth and organic composition of the plant. Bryophyte carpets have a low thermal conductance, which causes a drastic reduction in soil temperature and more gradual soil thaw in the spring (Van Cleve et al. 1991 ). These low soil temperatures limit soil microbial activity and thus limit decomposition of soil organic matter. Decomposition rates of moss litter were cited as being among the lowest for components of forest ecosystems, which resulted in moss litter and humus fractions constituting a relatively high fraction of organic soil layers (Berg 1984) . This combination of low soil temperature and low litter quality greatly reduces rates of decomposition and cycling of elements (Van Cleve et al. 1991) within these ecosystems.
Mosses also actively sequester nutrients from their environment, effectively removing these limiting nutrients from the ecosystem nutrient pool. Ectohydric mosses, such as Hylocomium splendens (Hedw.) B.S.G., have high cation exchange capacities along their cell surfaces. These sites of attraction enable the moss, through capillary action, to absorb nutrients from rainwater (Bates 1987) . These nutrients may be in the rainwater solution, may be resuspended from atmospheric deposits on the plant surface, or may derive as leachates from other organic sources such as pollen (Beecroft and Lott 1994) or detritus.
Hylocomium splendens lacks roots and stomata that in higher plants act to limit water loss. As a result, the bryophyte is highly sensitive to drying conditions and depends on direct precipitation for continued metabolic activity. During periods of desiccation, intracellular sugar pools act as physiologic buffers to protect cell membranes from conformation changes (Dhindsa and Bewley 1977; Bewley 1979; Proctor 1982) . During transitions from dry to wet conditions, these intracellular sugar pools are susceptible to leaching (Coxson 1991 ) until membrane function is restored (Bewley 1979) . These rehydration phenomena result in the loss of not only sugars but a wide range of intracellular ions, amino acids, and other organics (Lewis and Smith 1967; Gupta 1976; Farrar 1976; Brown and Buck 1979; Coxson 1991; Coxson et al. 1992) . Cells are thus nonselective in the nature of the compounds they lose (Brown and Buck 1979) . This paper reports on the phenomenon of solute loss during rewetting episodes by H. splendens moss mats. We measured potassium and total organic carbon (TOC) concentrations in throughflow precipitation during rewetting events. Potassium efflux has traditionally been used as a marker of membrane integrity and solute loss (Brown and Buck 1979) , while TOC measures provide an indication of the accumulation and translocation of readily labile carbon compounds.
Materials and methods

Study site
The investigation of H. splendens was carried out in a mature subalpine spruce-fir forest situated on periglacial riparian terraces adjacent to Lusk Creek near the University of Calgary Kananaskis Field Station (51.2′N, 115.3′W). The ecoregion is classified as lower subalpine (Williams 1990 ). Soils of this region are generally classified as Orthic Dystric Brunisol; the parent material was an alluvial outwash fan overlying lake deposit (Prescott et al. 1989 ).
Vegetation at the study site was similar to that described by Prescott et al. (1989) . The overstorey was dominated by white spruce (Picea glauca (Moench) Voss) and subalpine fir (Abies lasiocarpa (Hook) Nutt). Ground vegetation was dominated by the moss H. splendens with smaller amounts of Pleurozium schreberi (Brid) Mitt., twinflower (Linnaea borealis L), and forbs (Aster conspicuus Lindl., Epilobium angustifolium L., Arnica cordifolia Hook. Hook., and Cornus canadensis L. were found intermittently throughout the moss).
Mean annual precipitation for the study area as recorded at the field station was 648.9 mm for the 4-year period 1988-1991 and 809.8 and 856.9 mm for 1992 and 1993, respectively. The 4-year mean snowfall was 238 cm (Environment Canada 1993) and during the present study averaged 270 cm for both years (1992 and 1993) . Rainfall during the 1992 study period of May to July totalled 377.5 mm, with June having the highest amount of rainfall (Table 1) . During the 1993 May-July study period, rainfall averaged 395.6 mm, with July having the highest amount of rainfall (Table 1) . Ambient temperatures averaged 12.5°C for the 1992 study period (June-August) and 10.6°C for the 1993 study period (May-August) ( Table 1 ).
Soluble carbon flux from H. splendens during period of rainfall
Release of potassium and total organic carbon to precipitation throughfall solution was measured during two rain events in each of the summers of 1992 and 1993. Rain events were defined as a period of time over which throughfall precipitation had hydrated at least the surface fronds of the moss mat, resulting in throughflow solution in the collection bottles. Collection or sample regimes throughout rain events depended on precipitation intensity and duration in terms of how these variables affected the volumes in the collection bottles. Generally within the first 2 h after the beginning of the rain event the initial sampling of collectors was done. This is termed the first collection or sample period of the rain event. Samples were taken from collectors only if a volume of close to 35 mL was present in the collector. This volume is required for TOC and potassium analysis. After this first collection, sampling was attempted every 6 h for three more sampling periods. This was then extended to two 12-h sample periods and one 24-h sample period. Sampling frequency was increased during periods of rapid throughflow, as required, to insure that collection units did not overflow.
Placement and description of collection units
Three types of collectors were used: throughfall collectors, consisting of funnels suspended 1 m above the forest floor in canopy gaps; moss-mat throughflow collectors, constructed underneath the live layer of the moss mats in canopy gaps; and detritus and atmospheric deposition collectors that were identical to the moss mat throughflow collectors except that acid-washed glass wool was substituted for the live moss layer. One of each of the collector types was placed in each canopy gap; three canopy gaps were used for a total of nine collectors, with three replicates of each type.
Installation of the collection units
Prior to placement all sample lines and throughflow collectors were acid washed and rinsed with reagent grade deionized water. For the moss throughflow collectors, a section approximately 40 × 40 cm 2 of the top 5 cm of live moss was cut from the mat. At this site, this profile depth corresponds to the interface between the live (green) moss mat layer and the underlying organic soil horizons. This cut layer was placed on an acid-washed polyethylene sheet while the collector was installed. The collection unit consisted of a polyethylene sheet approximately 50 cm 2 attached to a Nalgene filtration unit that had a glass-fibre filter and was attached by Teflon tubing to a 1-L Nalgene bottle. This unit was installed so that the polyethylene sheeting formed a square funnel down to the filtration unit that drained by gravity into the collection bottle. The moss mat was then placed on the polyethylene sheeting of the collection unit in the identical position and orientation that each frond had been prior to collector installation. Any excess polyethylene protruding above the moss surface was folded beneath the top two branches of the moss fronds to minimize microclimate disturbance at the moss surface.
Detritus and atmospheric deposition collectors were constructed in an identical manner to moss-mat throughflow collectors except that the moss live layer was replaced with acid-washed glass wool. Funnels were attached by Teflon tubing to 1-L collection bottles and were suspended in three different canopy gaps. Acid-washed nylon mesh was placed over each funnel opening to limit ingress detritus from the canopy.
A comparison of frond hydration (percent water content by dry weight) between undisturbed moss mats and mats placed within throughflow precipitation collectors during wetting and drying events (measured at 30-min intervals) indicated that moss collectors did not significantly alter drying-wetting cycles in the live layer of the moss mat (t(133) = 0.68, p = 0.50).
Treatment and analysis of samples
Throughflow precipitation solutions were filtered through acidwashed Nalgene filtration units (0.45-µm pore size membrane filters) immediately upon collection and were subsequently stored at -70°C until analysis. Immediately prior to analysis, samples were thawed, 1 mL of acid preservative was added for every 30 mL of sample, and then samples were allowed to warm to room temperature. For potassium analysis, the preservative was concentrated HNO 3 ; for TOC analysis, concentrated H 3 PO 4 was added. Potassium results were obtained on a Varion flame spectrophotometer and TOC was analyzed on a Dohrmann DC-180 TOC analyzer. Data are presented in both volumetric based units (mg/L·h), for K + and TOC, and in area denominated units (mg/(m 2 ·h) or kg·ha -1 ) for TOC.
Results
Soluble carbon and potassium flux during periods of rainfall
Generally, maximal TOC release from H. splendens moss mats occurred within the first 3-12 h of a rain event and usually coincided with larger throughfall precipitation input periods. The rain events occurring on June 27 and July 23, 1992 had maximum TOC release rates of 34 and 110 mg/(m 2 ·h), respectively (Table 2) . TOC collection from atmospheric, detrital, and moss sources combined were 57 and 150 mg/(m 2 ·h) for June 27 and July 23, respectively (10 and 34 mg /(L·h), respectively, expressed on a concentration basis). Total TOC release for the rain events of June 27 and July 23 was 1544 and 685 mg·m -2 , respectively. This corresponds to a TOC release of 15.44 and 6.85 kg·ha -1 for the rain events of June 27 and July 23, respectively ( tively, were found in moss throughflow solutions. Maximum TOC flux release from atmospheric, detrital, and moss inputs was 18 and 21 mg/(m 2 ·h) for the June 8 and 27 rain events, respectively. Maximum TOC flux release from the moss on these dates was 10 and 8 mg/(m 2 ·h), respectively. Maximum mean concentrations of TOC for June 8 and June 27 events were 14 and 3 mg/(L·h), respectively. Total mean release of soluble organic carbon was 113 mg·m -2 over the 12-h rain event of June 8 and 220 mg·m -2 over the duration of the 242-h June 27 rain event. On a stand level basis this represents 1.13 and 2.20 kg·ha -1 for the rain events of June 8 and June 27, respectively. Patterns of TOC carbon flux during a rain event are illustrated in Fig. 1 . Variations in TOC release coincided with throughfall precipitation volumes incident on the moss mats.
Discussion
During the first 20 h of rehydration events (rain events), net mean TOC release from H. splendens reached 113-1544 mg·m -2 (Table 2 ). This soluble carbon flux was released in characteristic pulse patterns during transitions from the dry to wet frond hydration state within rain events. This pattern consisted of a maximal flux of carbon within the first 3-12 h of each rain event, followed by a decrease to insignificant levels (Fig. 1 ).
Potassium flux rates followed this same pattern, releasing maximal pulses of 0.33 -0.75 mg/(L·h) ( Table 2) . Potassium was previously used as an indicator of solute release from intracellular soluble fractions (Brown and Buck 1979; Coxson 1991) and this verifies that this TOC release is largely from intracellular pools. Possible constituents of this TOC pulse release include fructose, mannitol, glucose, erythritol, glycerol, and sucrose (Coxson et al. 1992) . Some constituents of this TOC release could also come from the resuspension of dry deposition (Kellman et al. 1982; Lindberg et al. 1986 ), but this component cannot be quantitatively separated from pulse release sources in our TOC measures.
The following four factors could be controlling the quantity of nutrients released from intracellular fractions: (i) intensity of the rain event (or volume of precipitation), (ii) duration of the rain event, (iii) rate of drying of the moss after the preceding rain event, and (iv) duration that the moss was at low levels of hydration between the previous rain event and the event studied. Rapid drying of moss fronds is considered harsher on cellular integrity and metabolism than slow drying. Leakage from the moss Tortula ruralis (Hedw.) Gaertn., Meyer & Scherb. was found to double when the moss was rapidly desiccated as opposed to slowly dried (Dhindsa and Bewley 1977) . Our data support these findings. Two hydration events (June 27 -July 8, 1992 and July 23, 1992) had rapid rates of desiccation previous to the events and also had much larger mean TOC flux releases than those preceded by slower drying events ( Table 2) .
The amount of time spent in a desiccated state may have an effect on membrane integrity (Bewley 1979) . Increasing periods of desiccation have a corresponding increase in time required for metabolic recovery in the moss (Proctor 1982) . This study did not establish a parameter that would assess metabolic recovery. Time spent in a desiccated state prior to rehydration did not appear to have had an effect on the magnitude of the initial pulse of leachates from the moss mat.
The amount and duration of throughfall precipitation should also affect total carbon flux rates. In laboratory studies, the initial release of solutes from rehydrating moss is followed by a period of slow reassimilation from standing solutions (Brown and Buck 1979; and Coxson et al. 1992 ). This study showed that for three of the four rain events studied, throughflow did not percolate through the moss mat until a period of 3-12 h had passed (Wilson 1995) . TOC concentrations were maximal in the first collection sample from each rain event. These results indicate that a minimum volume of precipitation is required to wet-up or saturate moss mats before a water film develops and water percolates through the live layer. Bryophyte mats can hold 5-10 times their dry weight of water (Proctor 1982) . This saturating water volume appeared to be between 50 and 100 mm of throughfall precipitation. This capacity for water retention should allow moss segments that may have remained metabolically active to reassimilate some of the solutes released by the rehydrating segments. Nutrient uptake by fine root hairs and mycorrhizal fungi should also reduce net throughflow release (deBoois and Jansen 1975) .
Our results indicate that under field conditions, rain events with large volumes of precipitation received in short time periods can result in higher TOC release to throughflow collectors (Table 2) . We hypothesize that moss fronds have less opportunity to reassimilate released solutes during high intensity precipitation events because of the more rapid translocation of throughflow solutions. Our measures of TOC release more accurately refer to net TOC transport, as they represent the sum of all exchange processes that occur within the bryophyte mats.
The moss live layer contributed 25-73% more net mean TOC on average to the ecosystem than combined throughfall, detrital leaching (which included pollen contributions), and atmospheric wash-off (Table 2) . It should be noted that temperatures of the moss live layer on some occasions dipped below 0°C. Freeze-thaw cycles can also contribute to membrane damage and subsequent moss nutrient release (Melick and Seppelt 1992) . Freeze-thaw cycles have similar effects on membrane integrity as drying-wetting cycles (Melick and Seppelt 1992) . Pleurocarpous moss species, such as H. splendens, show a distinct frost hardiness in summer that is probably due to frequent temporary drying (Dilks and Proctor 1975) .
The study seasons of 1992 and 1993 averaged nine rain events per season. Thus, if it is assumed that in each dry to wet transition the moss contributes between 113-1544 mg·m -2 TOC, then the rest of the ecosystem could have received between 12 and 139 kg·ha -1 in each growing season. Although the magnitude of this net carbon flux is small compared with other ecosystem transfers, e.g., that of litterfall (between 2860 and 3210 kg·ha -1 at these sites; Prescott et al. 1989) , the significance of these events is represented by the peak concentrations of readily soluble carbon compounds that these transient events provide within surface soil horizons. Taylor et al. (1991) noted that one of the best predictors of mass loss in litterfall in spruce-fir forests is the availability of readily labile carbon compounds. With pulse TOC release during rainfall events reaching 150 mg/(m 2 ·h), we would anticipate a strong metabolic response in the bacterial and fungal decomposer communities that colonize organic soil horizons under feather-moss mats. Further, depending on the intensity of rainfall events, substrates released to throughflow solutions may also percolate through humus layers to reach underlying mineral soils, although our collector placement did not assess translocation at this depth.
These pulses, which likely contain readily soluble sugars and limiting nutrients, e.g., N-amino acids (Coxson et al. 1992; Gupta 1977 ), potentially have a major impact on a variety of other ecosystem processes. Exogenously supplied sugars were shown to enhance growth of soil fungal communities (Bååth et al. 1978) and increase mineralization of nitrogen by these communities in northern temperate oak woodlands (deBoois and Jansen 1975) . Pulse organic carbon release from the mat may also aid the mycorrhizal communities in the soil (Carleton and Read 1991; Coxson et al. 1992) by supplying these communities with a preliminary substrate for trehalose production (Schubert et al. 1992 ). Carleton and Read (1991) found a direct linkage between carbon leachate from mosses and distribution, through mycorrhizal mycelia, to pine seedlings, where it was incorporated into stem structure. Thus, moss leachates may be substrates for ectomycorrhizal-infected plants as well as for soil microbial populations.
Based on the magnitude of TOC release from the live layer of H. splendens moss mats during the rewetting phase of rain events, we hypothesize that H splendens may function, in part, as an ecosystem capacitor; removing and concentrating limiting nutrients, such as carbon and nitrogen from the atmosphere, and then releasing these nutrients in a more concentrated and available form to other ecosystem components.
